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ABSTRACT 


This  thesis  characterizes  the  residual  stresses  generated  by  friction  stir  welding  of  ODS 
steel  MA956  as  a  function  of  heat  index.  The  heat  index  of  a  weld  is  used  to  detennine 
relative  heat  input  among  different  friction  stir  welding  conditions.  It  depends  on  a 
combination  of  the  rotational  speed  and  traverse,  or  welding  speed  of  the  tool  through  the 
metal.  Higher  rotational  speeds  and  lower  traverse  speeds  increase  heat  index  and  are 
expected  to  result  in  lower  residual  stresses  than  welds  perfonned  with  lower  heat  index. 
Three  conditions  with  varying  heat  indices  were  selected  from  high  to  low:  500  rpm/25 
millileters  per  minute  (mmpm),  400  rpm/50  mmpm  and  400  rpm/100  ininpm.  The  full 
stress  tensor  was  detennined  for  points  across  these  welds  using  x-ray  diffraction. 
Longitudinal  residual  stresses  approximately  90%  of  yield  strength  were  observed  for  the 
lowest  heat  input  condition.  Stress  profiles  displayed  the  characteristic  “M”  shaped 
profile,  and  asymmetry  between  advancing  and  retreating  stress  peaks  was  limited, 
occurring  mainly  on  the  root  of  the  weld.  As  expected,  lowering  the  heat  index  of  a  weld 
increased  the  magnitude  of  residual  stresses  across  the  whole  weld  profile. 
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I.  INTRODUCTION 


A.  BACKGROUND 

As  increasing  operating  temperatures  are  expected  in  the  next  generation  of 
nuclear  reactors,  materials  with  low  creep  rates  and  improved  high  temperature 
characteristics  are  essential.  Components  on  the  primary  side  of  fission  reactors  will  be 
exposed  to  radiation,  temperatures  up  to  600°C,  and  corrosive  environments  while  not 
deforming  significantly  or  requiring  expensive  downtime  for  maintenance  and  cleaning. 
While  improvements  in  water  chemistry  control  have  somewhat  reduced  concerns  for 
corrosion,  materials  with  lower  creep  rates  and  higher  yield  strength  at  elevated 
temperatures  will  do  the  most  to  prolong  the  life  of  reactors  [1].  Materials  currently  in  use 
and  under  development  have  been  reviewed  by  Zinkle  (Figure  1).  In  addition  to  fusion 
reactors,  structural  materials  for  future  use  in  fission  reactors  will  also  require  increased 
yield  strengths  and  low  creep  rates  at  similar  operating  temperatures. 

Structural  Material  Operating  Temperature  Windows:  10-50  dpa 

w 

Mo  (TZM) 

Ta-8\V-2IIf 
Nb-IZr-.lC 
V-4Cr-4TI 
ODS  ferritic  st. 

F/M  steel 
316  SS 
Inconel  718 
SiC/Sit 


Temperature  (°C) 

Figure  1.  Temperature  ranges  for  various  structural  materials  subjected  to  intermediate 
doses.  The  operating  temperature  is  usually  limited  by  thermal  creep  on  the 
high  side  and  radiation  embrittlement  on  the  low  side.  From  Zinkle  [2] 
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Oxide  dispersion  strengthened  (ODS)  steels  offer  a  possible  solution  to  several 
issues  faced  in  the  development  of  next  generation  of  reactors.  ODS  steels,  MA956  in 
particular,  are  a  type  of  steel  strengthened  by  the  addition  of  fine  oxide  particles,  e.g. 
yttrium  oxide  (Y203).  Added  as  a  powder  during  mechanical  alloying,  these  finely 
dispersed  nanometer  sized  particles  help  strengthen  the  material  by  pinning  dislocations. 
The  materials  may  also  possess  ultra-fine  grain  size  which  strengthens  the  material 
through  the  Hall-Petch  relationship.  While  ODS  steels  have  high  yield  strengths  at  room 
temperatures  (up  to  900  MPa  for  fine  grain  MA956),  they  were  designed  for  use  in  high 
temperature  applications.  In  addition  to  increasing  strength,  finely  dispersed  oxide 
particles  also  act  as  sites  to  trap  H  and  He,  thus  reducing  the  material’s  susceptibility  to 
radiation  induced  swelling  and  embrittlement  [3].  They  also  display  resistance  to  creep  at 
elevated  temperatures.  At  800°C,  ODS  steels  demonstrate  a  secondary  creep  rate  as  low 
as  3  x  10  ‘10  s  _1  for  an  applied  stress  of  140  MPa  [4].  ODS  steels  have  also  shown  the 
ability  to  retain  yield  strengths  at  high  temperatures.  In  recent  work  by  Baker,  MA956 
retained  one  third  of  its  yield  strength  (300  MPa)  at  600°C  [5].  Such  high  temperature 
performance  indicated  that  ODS  steels  like  MA956  could  be  used  in  several  different 
applications  in  future  fusion  applications.  A  more  comprehensive  review  of  ODS  steels 
for  nuclear  and  high  temperature  applications  can  be  found  in  work  by  Hoelzer,  Kimura, 
and  Klueh  and  Zinkle  [1,  3,  6,  7]. 

Despite  the  promise  of  ODS  steels  for  use  in  high  temperature  nuclear 
applications,  joining  this  material  through  traditional  means  is  highly  problematic.  The 
microstructural  attributes  which  give  this  steel  its  strength  can  be  severely  altered  by 
fusion  welding  techniques  traditionally  used  for  steels.  Processes  like  gas  tungsten  arc 
welding  and  gas  metal  arc  welding  result  in  transport  and  agglomeration  of  the  finely 
dispersed  oxides  to  the  surface  of  the  weld  pool,  as  well  as  significant  alterations  to  the 
grain  sizes  upon  solidification  [8,  9].  The  results  are  a  significant  reduction  in  yield 
strength  across  the  weld  and  degraded  properties  in  the  large  HAZ  outside  the  weld  pool. 
Other  processes  like  laser  beam  welding  and  electro-spark  deposition  give  similar  results, 
coarsening  the  oxide  particles  which  give  ODS  steels  their  strength  [10,  11],  As  melting 
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the  base  metal  produces  an  undesirable  microstructure,  solid  state  joining  techniques  are 
necessary  when  joining  ODS  material. 

Friction  stir  welding  (FSW)  is  a  possible  solid  state  technique  for  joining  ODS 
steels  (Figure  2).  FSW  does  not  melt  the  base  metal,  and  preserves  many  mechanical  and 
microstructural  properties  that  make  ODS  steels  attractive.  The  process  involves  an 
extremely  hard  tool,  usually  polycrystalline  cubic  boron  nitride  (PCBN),  which  is  forced 
to  rotate  between  the  working  pieces.  Friction  between  the  tool  shoulder  and  the  plates 
heats  the  metal  allowing  plastic  defonnation  and  deposition  of  material  behind  the  tool.  A 
downward,  or  plunge  force  ensures  consistent  contact  of  the  tool  shoulder  and  the  plate 
surface.  This  process  produces  very  distinct  regions  across  the  welded  plate.  Along  the 
weld  centerline  is  the  stir  zone  (SZ),  which  displays  an  “onion  ring”  texture  from  the 
deposition  of  plastically  deformed  material  behind  the  tool  [12].  On  either  side  of  the  SZ 
is  a  thermo  mechanically  affected  zone  (TMAZ),  which  experiences  significant  plastic 
deformation  and  thermal  gradients  from  friction  as  well  as  localized  plasticity.  Beyond 
the  TMAZ  is  the  heat  affected  zone  (HAZ),  which  is  exposed  to  heat  from  the  weld  but 
not  plastic  deformation.  Beyond  the  HAZ  is  the  base  metal  (BM),  which  remains 
unaffected  by  thennal  gradients  or  plastic  defonnation.  The  side  of  the  weld  where  tool 
rotation  is  in  the  same  direction  as  the  welding  direction  is  the  advancing  side,  with  the 
other  half  denoted  as  the  retreating  side. 
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Downward  force 


A  Welding 
/  Direction 


TMAZ 


TMAZ 


Figure  2.  (a)  A  schematic  of  the  FSW  process.  From  Mishra  [13].  The  cross  section 

from  a  FSW  plate  (b).  From  Baker  [5], 
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Friction  stir  welds  are  characterized  by  the  combination  of  tool  rotational  speed  in 
revolutions  per  minute  (rpm),  the  tool  traverse  speed  in  millimeters  per  minute  (mmpm), 
and  the  plunge  force  of  the  tool  against  the  plate.  Combining  rotational  and  traverse 
speed  gives  a  ‘weld  pitch’  or  heat  index  (HI),  in  revolutions  per  millimeter,  which  is  a 
rough  indicator  of  the  heat  input  to  the  weld.  The  simplified  heat  index  of  a  set  of 
welding  conditions  is  given  by  [14]: 

HI  =-  (1) 

V 

where  to  is  the  rotational  speed  in  revolutions  per  minute  (rpm)  and  v  is  the  welding 
traverse  speed  in  millimeters  per  minute  (mmpm).  This  relationship  is  not  a  direct  measure 
of  heat  input  to  the  weld,  and  will  be  used  to  compare  the  relative  heat  of  different  welding 
conditions.  A  higher  weld  pitch  describes  a  higher  heat  index,  a  combination  of  high 
rotational  speed  and  lower  translational  speed.  Conversely,  a  lower  rotational  speed  and 
higher  traverse  speed  gives  a  lower  weld  pitch  and  lower  heat  index.  Even  at  lower  heat 
indices,  FSW  processes  bring  the  material  to  8090%  of  yield  strength.  Heat  is  generated  by 
the  FSW  process  through  friction  and  plastic  defonnation  between  the  tool  and  plate  as 
well  as  plastic  deformation  in  the  TMAZ,  which  occurs  just  beyond  the  tool  shoulder.  Heat 
input  is  slightly  asymmetric  due  to  the  relative  velocity  of  the  tool  and  the  base  plate  and 
the  tendency  of  plastic  flow  to  occur  on  the  retreating  side  of  the  tool  [14]. 

Heat  input  from  friction  stir  welding  changes  the  mechanical  properties  of  the 
base  metal,  but  research  demonstrates  these  effects  can  be  mitigated  by  reducing  the  heat 
index  of  the  weld.  Analysis  of  grain  and  oxide  sizes  has  been  performed  by  Baker  [5]  and 
Han  [12]  for  fine-grained  ODS  steels  subjected  to  a  variety  of  FSW  conditions.  Fine 
grained  material  has  a  grain  size  of  less  than  1  pm.  Baker  shows  significant  grain 
coarsening  across  the  SZ,  and  a  corresponding  drop  in  hardness.  While  this  lowers  the 
room  temperature  yield  strength  and  hardness,  differences  between  FSW  processed 
components  and  the  BM  are  lessened  at  elevated  temperatures  (Figure  3).  From  tensile 
tests  at  room  temperature,  all  FSW  conditions  reduced  the  yield  strength  of  the  BM.  The 
highest  heat  input  condition  (500/25)  resulted  in  a  42%  reduction  in  yield  strength,  while 
lower  heat  input  conditions  reduced  heat  input  by  nearly  the  same  amount.  At  600°C, 
reductions  in  yield  strength  from  FSW  are  lower  for  all  conditions.  The  lowest  heat  input 
condition  (400/100)  resulted  in  a  19%  reduction  in  yield  strength  while  the  highest  heat 

input  condition  (500/25)  resulted  in  a  33%  reduction  in  yield  strength  [5],  At  operating 
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temperature,  only  a  19%  loss  in  yield  strength  from  FSW  demonstrates  the  potential  for 
joining  ODS  steels  like  MA956. 
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Figure  3.  Engineering  stress/strain  curves  for  FSW  MA956  at  room  temperature  (a)  and 

600°C  (b)  From  Baker  [5] 
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While  reductions  in  yield  strength  in  FSW  can  be  minimized  by  lowering  the  heat 
index,  residual  stresses  pose  a  problem.  As  in  all  welds,  the  presence  of  thennal  gradients 
in  constrained  pieces  produces  uneven  contractions  across  the  weld.  This  results  in 
residual  stresses  as  heated  material  is  not  allowed  to  contract.  Figure  4  shows 
constrained,  heated  material  that  is  not  allowed  to  contract.  The  red  region  indicates  the 
size  of  the  heated  section  without  restraint.  Welding  constraints  and  cooler  material  force 
the  heated  region  to  occupy  the  bold  region  upon  cooling.  This  causes  the  development  of 
residual  stresses.  Stresses  along  the  weld  centerline  will  be  tensile,  as  the  still  heated 
material  ties  to  contract  but  is  restrained  by  the  cooler  metal  around  it  and  the  physical 
restraints  on  the  plates.  For  fusion  weld,  tensile  stresses  will  peak  at  the  center  of  the 
weld  and  decrease  away  from  the  weld  centerline.  Tensile  stresses  in  the  weld  nugget  will 
be  balanced  by  compressive  stresses  further  from  the  weld  as  the  total  force  on  the  plate 
is  zero.  The  shape  of  the  profile  and  maximum  values  are  detennined  by  thermal 
gradients.  Larger  thermal  gradients  cause  a  greater  mismatch  in  cooling  rates  and  will 
lead  to  larger  tensile  residual  stresses  with  a  narrower  tensile  region.  The  FSW  residual 
stress  profile  differs  from  a  fusion  weld  profile  due  to  the  addition  of  extensive  plastic 
deformation  in  the  SZ.  Peak  tensile  residual  stresses  will  occur  just  beyond  the  tool 
shoulder  and  not  along  the  centerline  as  coarse  grains  in  the  SZ  cannot  support  the  same 
stresses  as  the  BM.  The  region  just  beyond  the  tool  shoulder  still  retains  the  fine  grains  of 
the  parent  material  as  well  as  the  large  thermal  gradients  necessary  to  support  large 
residual  stresses.  While  not  initially  apparent,  a  larger  heat  input  will  likely  result  in  a 
more  shallow  thermal  gradient,  and  smaller  residual  stresses  across  the  weld  profile. 
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^longitudinal 

Figure  4.  A  simplified  example  of  residual  stresses  developed  during  welding.  The  red 
region  represents  the  size  of  the  heated  region  upon  cooling  in  the  absence  of 
constraint.  The  bold  region  represents  the  actual  area  the  cooled  metal  will 
occupy  in  the  presence  of  tensile  residual  stresses.  The  actual  heated  region 
has  many  more  sub-regions  with  different  cooling  rates,  and  the  mismatch  in 
their  contraction  will  result  in  residual  stresses. 

While  the  base  material  does  not  actually  melt,  the  extreme  thermal  gradients 
produced  by  fusion  welding  are  also  present  in  FSW  processes.  Like  fusion  welding,  the 
uneven  cooling  rates  of  heat  affected  materials  generate  residual  stresses  across  the  base 
metal  and  weld  nugget.  In  a  fusion  weld,  the  base  metal  becomes  molten  while  in  FSW, 
only  80%  of  the  melting  temperature  is  reached.  The  heating  is  localized,  and  causes 
significant  thermal  gradients  from  the  highest  temperatures  in  the  weld  nugget  to  the 
relatively  cold  base  metal.  The  generated  thermal  gradients  and  uneven  cooling  result  in 
tensile  residual  stresses  along  and  across  the  welding  direction.  FSW  also  involves 
stresses  generated  by  plastic  deformation  from  the  tool  rotating  and  translating  through 
the  base  material,  though  this  effect  is  complicated  and  not  fully  understood  [14].  The 
thermo-mechanical  process  produces  three  dimensional  residual  stresses,  as  non-uniform 
cooling  through  the  plate  thickness  will  likely  produce  a  stress  nonnal  to  the  plate.  The 
largest  and  most  important  residual  stresses  are  those  along  the  welding  direction, 
longitudinal  stress,  and  those  which  run  across  the  weld,  transverse  stresses. 

The  magnitudes  of  residual  stresses  generated  by  FSW  have  been  measured  for  a 

variety  of  materials.  In  FSW  of  AA5083,  Peel  [15]  showed  that  longitudinal  residual 

stresses  can  reach  up  to  40%  of  the  yield  strength  in  the  thenno-mechanically  affected 

zone  (TMAZ),  where  FSW  reduced  the  0.2%  offset  yield  strength  in  the  stir  zone  (SZ) 

from  392  to  147  MPa  (Figure  5).  FSW  modeling  by  Chen  [16]  and  Bastier  [17]  predict 

that  the  maximum  longitudinal  stresses  are  4050%  of  yield  in  AA7050  and  6061-T6, 
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respectively.  Work  done  by  Steuwer  et  al.  [18]  on  HSLA-65  steel  demonstrated  a  peak 
longitudinal  residual  stress  over  80%  of  the  nominal  yield  strength.  Reynolds  [19] 
observed  a  similar  phenomenon  in  SS  314  where  the  maximum  longitudinal  residual 
stress  was  80%  of  yield  for  some  conditions.  In  an  alloy  nearly  identical  to  MA956, 
Mathon  [20]  performed  a  residual  stress  analysis  for  a  single  set  of  welding  condition  and 
found  that  residual  stresses  on  the  advancing  side  of  the  weld  can  be  as  high  as  50%  of 
the  yield  strength  of  the  base  metal.  Stresses  of  this  magnitude  are  significant  as  they 
drastically  reduce  the  fatigue  life  of  FSW  components.  While  some  studies  examine  the 
microstructural  evolution  for  ODS  steels  after  FSW,  very  little  is  known  about  the  effect 
that  changing  heat  input  has  on  the  residual  stress  distribution.  Thus  it  is  essential  to 
characterize  the  residual  stress  as  a  function  of  heat  index  in  ODS  steels  due  to  the  unique 
nature  of  the  microstructure. 
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Figure  5.  (a)  Residual  stress  profiles  for  the  FSW  of  AA  5083.  From  Peel  [15].  (b)  The 

residual  stress  profile  across  PM2000,  an  ODS  steel  nearly  identical  to 
MA956.  From  Mathon  [20]. 
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The  spatial  distribution  of  residual  stresses  produced  by  FSW  share  several  key 
characteristics  across  the  materials  examined  in  the  literature.  Regardless  of  material,  all 
longitudinal  stress  profiles  displayed  an  ‘M’  shape,  with  tensile  maxima  occurring  in  the 
TMAZ  just  beyond  the  tool  shoulder.  Moving  into  the  base  metal,  the  tensile  stresses 
rapidly  dissipate  and  are  balanced  by  smaller  compressive  stresses.  In  the  stir  zone,  the 
stresses  are  reduced  from  the  peak  values  but  are  generally  still  tensile.  This  reduction  in 
stress  level  may  be  caused  by  the  higher  temperatures  under  the  tool  which  weakens  the 
material  significantly  along  the  weld  line  [18].  In  addition,  grain  size  has  been  observed 
to  coarsen  in  the  stir  zone  of  many  alloys.  While  most  published  results  do  not  make  a 
point  of  it,  Mathon  [20]  demonstrates  profiles  of  marked  asymmetry  in  PM2000,  an  alloy 
nearly  identical  to  MA956,  where  peak  longitudinal  stresses  are  much  higher  on  the 
advancing  side  versus  the  retreating  side. 

B.  X-RAY  DIFFRACTION  FOR  MEASUREMENT  OF  RESIDUAL  STRESS 

This  research  will  use  x-ray  diffraction  techniques  to  examine  the  relationship 
between  heat  input  and  the  longitudinal  residual  stress  distribution  to  evaluate  how 
changing  weld  parameters  affect  the  stress  profile. 

X-ray  diffraction  measures  the  elastic  strain  at  the  surface  of  a  stressed  sample. 
The  stress  is  calculated  from  the  experimentally  measured  strain  using  linear  elasticity 
theory.  The  atomic  lattice  of  the  material  serves  as  a  strain  gage  for  the  measurement 
(Figure  6).  When  x-rays  interact  with  atoms  in  a  crystalline  material,  rays  are  scattered  in 
all  directions.  Increased  intensity  of  this  scattered  beam  occurs  at  angles  where  the  path 
difference  between  two  incoming  waves  is  equal  to  an  integer  multiple  of  the  incoming 
wavelength. 
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Figure  6.  A  diagram  showing  diffraction  occurring  according  to  Bragg’s  Law.  From 

Cullity  [21] 


This  critical  angle  is  called  the  Bragg  angle  and  diffraction  occurs  only  when  the 
conditions  from  Bragg’s  Law  are  met: 


d  = 


x 

2sin{8) 


(2) 


Where  d  is  the  plane  spacing,  A  is  the  wavelength  of  the  radiation  used,  and  9  is  half  of 
the  measured  diffraction  angle  (20).  Residual  strains  in  the  material  will  change  the 
planar  spacing  of  atoms  differently  according  to  their  angle  from  the  surface  normal 
(Figure  7).  For  example,  the  third  set  of  planes  will  have  a  different  spacing  than  set  one 
or  two  in  the  presence  of  a  residual  stress.  In  the  absence  of  stress,  planes  of  the  same 
family  (e.g.,  {211})  will  have  the  same  planar  spacing  regardless  of  orientation. 
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Figure  7.  A  diagram  of  different  planar  spacing  due  to  residual  stress,  T  angles  are 
normal  to  the  measured  plane.  In  this  experiment  {211}  planes  were  used. 

From  Banazwski  [22]. 


When  diffraction  measurements  are  made  on  this  unstressed  polycrystalline 
material,  the  diffraction  peaks  should  share  the  same  Bragg  angle  (Figure  8).  In  the  first 
image,  a  diffraction  pattern  taken  on  a  stress  free  powder  (<10  MPa)  at  different  vp  angles 
shows  almost  no  change  in  peak  position.  The  second  image  demonstrates  the  peak  shift 
which  occurs  in  the  presence  of  a  significant  (-502  MPa)  residual  stress.  These 
differences  in  planar  spacing  can  be  used  to  measure  the  strains  from  which  a  residual 
stress  tensor  may  be  calculated. 
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Diffraction  Peak  Shift  Observed  at  High  Stress 
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Figure  8.  Peak  shifts  in  low  stress  (a)  and  high  stress  (b)  samples  at  xp  =  3.09°  and 
36.84°.  While  (b)  was  stressed  to  -502  MPa,  the  diffraction  peak  shift  is 
small.  This  shows  how  even  small  lattice  strains  can  produce  large  stresses 
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Like  other  x-ray  diffraction  techniques,  the  multiple  exposure  technique  (MET) 
collects  the  position  of  a  single  diffraction  peak  at  a  variety  of  v| /  angles  and  0=0°  to 
calculate  stress  using  the  “sin  vp”  technique  (Figure  9).  This  measurement  collects 
diffraction  peaks  at  one  <I>  angle,  so  only  one  principal  stress  is  measured.  If  the  sample  is 
oriented  so  that  the  head  rotates  around  the  y-axis,  longitudinal  stress  is  measured. 
Rotating  the  sample  90°  so  the  head  rotates  around  the  x-axis  allows  measurement  of  the 
transverse  stresses.  This  simplified  method  was  used  for  calibration  samples  where  the 
whole  stress  tensor  was  unnecessary. 


z 


2 

Once  the  planar  spacing  was  known  for  several  y  angles,  a  “d  vs.  sin  \|/”  plot  was 
generated.  As  there  is  normally  a  linear  relationship  between  d  and  sin  \|/,  the  slope  of  this 
line  is  proportional  to  the  stress  at  the  measured  phi  angle.  This  comes  from  the  general 
case  of  Hooke’s  Law  combined  with  the  strain  equation  [23]: 

£0x1;  =  ^{c Tucos 2(0)  +  a12  sin(2&)  +  a22sin2(& )  -  a33}sin2xp  +  ^j-o33- 
>n  +  °22  +  033}  +  ^r{>i3 cos(0)  +  o23  sin(0)}sin2xp  (3) 

and 


dcpijj  do 

£<P V  ~  dn 


(4) 
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where  <I>  is  the  angle  from  the  y-axis  in  the  plate  surface  and  v| /  is  the  angle 
between  the  nonnal  of  the  plate  surface  and  the  planes  of  interest.  Lattice  spacing  d^  is 
the  planar  spacing  measured  at  each  angle  and  d0  is  the  unstressed  lattice  spacing.  As  the 
measurement  is  conducted  at  (p  =  0°  and  plane  stress  condition  is  assumed  (a33  —  a13  — 
a 23  —  0),  the  above  equation  simplifies  to: 

=  ^y-c T0sinzxp  -  v-  (a1±  +  <r22)  (5) 

where  <j0  is  the  stress  of  interest.  The  x-ray  elastic  constants  were  supplied  by  Proto 
Manufacturing  for  ferritic  steel: 

-=  783.1  GPa  and  —  =  168.9  GPa  (6) 

V  l+v  v  J 

where  E  is  the  Young’s  Modulus,  and  v  is  the  Poisson’s  ratio  for  ferritic  steel. 

The  stress  of  interest  will  simply  be  the  slope  in  Figure  10.  Note  the  difference  in 
slope  between  the  two  curves.  In  the  first  plot,  there  is  almost  no  difference  in  planar 
spacing  across  all  measured  psi  angles  (Figure  10A).  The  resulting  curve  has  an 
extremely  small  slope.  Comparatively,  the  second  plot  has  a  much  larger  slope  resulting 
from  changes  in  lattice  spacing  at  different  psi  angles  (Figure  10B).  Both  plots  have 
negative  slopes,  which  indicate  compressive  residual  stresses.  Splitting  of  the  curves 
indicated  the  presence  of  a  small,  out  of  plane  shear,  xi3. 
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Figure  10.  Ad  vs.  sin“v|/  plot  for  a  stress  free  ferritic  steel  powder  (a)  and  a  high  stress 

ferritic  steel  standard  (-502  MPa)  (b). 
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While  the  MET  scans  detennine  the  stress  in  one  direction  at  the  point  of  interest, 
the  triaxial  method  detennines  the  whole  stress  tensor.  In  this  case,  no  plane  stress 
assumptions  are  made,  so  more  measurements  are  required  to  populate  the  strain  tensor. 

If  measurements  are  only  taken  at  <E>  =  0°,  important  terms  drop  out  of  the 
equation.  For  a  full  representation  of  the  stress  state,  measurements  must  be  taken  at  O  = 
0,  45,  and  90°,  with  multiple  v| /  angles  taken  at  each  cp  angle.  This  allows  measurement  of 
the  principal  stresses  in  two  perpendicular  directions,  from  which  a  maximum  resolved 
shear  stress  may  be  calculated. 

Once  the  stresses  are  calculated,  maximum  and  minimum  principal  stresses  are 
calculated  using  tensor  transfonnations  of  the  general  form  [23]: 

j  ~~  ®-ik®-jl@kl'  (7) 

where  aik  and  a.ji  are  direction  cosines  and  a[j  is  the  resolved  stress  tensor. 

The  error  associated  with  this  method  of  determining  the  stress  tensor  is  small,  but 
a  distinction  must  be  made  between  accuracy  and  precision  with  this  method.  Error  bars 
are  included  in  all  stress  measurements  and  stress  tensors,  but  most  are  not  visible  as  the 
error  values  are  small  (0.5  to  10  MPa).  This  results  from  the  number  of  measurements 
taken  at  each  point  along  the  profile.  As  the  stress  tensor  only  has  five  unknowns, 
assuming  the  principal  out  of  plane  stress  is  zero,  five  independent  measurements  taken  at 
three  phi  angles  are  necessary  to  solve  the  system  of  equations.  For  this  experiment, 
1 1  different  P  tilts  (each  with  two  \\i  angles)  were  measured  at  each  of  three  phi  angles. 
The  resulting  system  is  over-determined,  so  values  given  for  error  indicate  the  precision 
of  the  fit  rather  than  a  true  measure  of  accuracy.  Not  included  in  error  calculations  are 
uncertainties  in  the  elastic  constants,  and  effects  from  sample  positioning  and  roughness 
which  may  have  a  large  effect  on  final  calculations  but  are  difficult  to  quantify. 

Another  important  limitation  of  residual  stress  measurement  by  x-ray  diffraction 
is  the  depth  from  which  diffraction  information  was  collected.  X-rays  do  not  penetrate 
material  like  thermal  neutrons,  thus  an  effort  must  be  made  to  determine  actual 
penetration  for  a  given  material.  The  penetration  of  x-rays  in  a  material  is  described  by 
the  following  equation  [21]: 
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4  =  I0e~(>x  (8) 

Where  Ix  is  the  intensity  of  the  initial  beam,  /0,  after  distance  x.  The  mass  absorption 

coefficient  -  is  specific  to  the  material  for  a  certain  wavelength  of  radiation.  For  MA956 
irradiated  by  Cr  X-rays,  X  =  2.291  A,  -  =  141.96  and  p  —  7.439  -^-r.  The  plot  of 

p  g  cm 3 

the  natural  log  of  the  incident  intensity  over  the  collected  intensity  as  a  function  of  depth 
is  shown  in  Figure  1 1 . 
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Figure  1 1 .  Calculated  penetration  of  Cr  x-rays  into  MA956. 


After  less  than  90  pm,  the  intensity  of  the  incident  beam  has  been  reduced  to  one 
ten-thousandth  of  its  original  strength.  The  diffracted  beam  still  has  to  travel  the  same 
distance  leaving  the  sample,  so  it  is  unlikely  that  any  data  is  collected  beyond  a  depth 
of~40  microns.  With  so  little  penetration  available,  electropolishing  or  the  hole-drilling 
method  is  necessary  to  measure  stress  with  depth.  However,  both  of  these  methods  are 
destructive  and  hole-drilling  is  intended  to  only  perform  plane  stress  measurements 
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around  the  hole  [14].  Many  non-destructive  measurements  of  residual  stress  have  been 
performed  with  neutron  diffraction,  which  uses  thermal  neutrons  instead  of  x-rays  to 
determine  changes  in  planar  spacing.  The  neutron  diffraction  approach  offers  an 
advantage  over  x-ray  diffraction  as  thennal  neutrons  penetrate  much  deeper  and  can  be 
used  to  measure  a  volume  averaged  stress  across  a  larger  volume  of  the  plate.  As  neutron 
diffraction  techniques  were  not  available  during  this  thesis,  we  combined  electropolishing 
with  x-ray  diffraction  to  measure  residual  stresses  at  different  depths  on  the  plate. 

C.  THESIS  OBJECTIVES 

•  Install  and  test  a  new  x-ray  residual  stress  instrument  at  NPS.  We  will 
install  and  test  the  new  Proto  Manufacturing  iXRD  instrument,  a  dedicated 
x-ray  diffractometer  for  measuring  residual  stress.  Calibration  will  be 
performed  using  aluminum  and  steel  samples  and  laboratory  standards. 

•  Measure  the  residual  stress  distributions  around  friction  stir  welds  in 
ODS  steel  MA956  using  x-ray  diffraction.  We  will  use  x-ray  diffraction 
to  measure  the  residual  stress  distributions  across  friction  stir  welds 
produced  with  weld  pitch  values  chosen  to  increase  the  heat  input  during 
welding.  We  will  perform  triaxial  measurements  on  two  plates.  In 
addition,  we  will  determine  if  these  stresses  are  affected  by  depth. 

•  Determine  the  relationship  between  heat  index  (HI)  to  welds  and  the 
magnitude  of  resulting  residual  stresses.  We  will  use  knowledge  from 
the  literature  to  explain  the  connection  between  the  increase  in  heat  index 
and  the  observed  changes  in  residual  stress.  We  will  also  connect  these 
changes  in  residual  stress  to  the  known  changes  in  microstructure  and 
mechanical  properties  for  this  material. 
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II.  EXPERIMENTAL  METHODS 


A.  MA956  SPECIFICATIONS  AND  WELDING  PARAMETERS 

The  material  used  in  these  experiments  was  MA956,  a  high  Cr,  ferritic,  oxide 
dispersion  strengthened  (ODS)  steel  produced  by  Special  Metals  Inc.  Its  chemical 
composition  is  listed  in  Table  1. 


C 

Cr 

A1 

Ti 

y2o3 

Mo 

Mn 

Ni 

S 

Si 

P 

Fe 

0.023 

19.93 

4.75 

0.39 

0.51 

0.02 

0.09 

0.04 

0.008 

0.08 

0.006 

Bal. 

Table  1.  Chemical  composition  of  MA956.  From  Baker  [5] 


The  alloy  was  canned  and  extruded  at  1,100°C  (2025°F)  and  hot  rolled  three 
times  at  1,100°C  over  a  period  of  4  hours  with  reheating  to  1,100°C  for  30  minutes 
before  and  after  each  rolling.  The  final  plate  was  machined  to  a  thickness  of  4  mm 
(0.157  inches)  [5], 

Friction  stir  welding  was  performed  by  MegaStir  Technologies  using  a  25  mm 
diameter  MS  80  grade  polycrystalline  cubic  boron  nitride  (PCBN)  tool  with  a  convex 
scroll  shoulder  step  spiral  (CS4).  The  plunge  force  was  a  constant  17.8  kN  [5].  Three 
different  conditions  were  selected  to  test  the  residual  stress  distribution  across  a  range  of 
heat  inputs.  From  highest  to  lowest  heat  input:  500  rpm/25  millimeters  per  minute 
(mmpm),  400  rpm/50  mmpm,  400  rpm/100  mmpm.  These  were  all  performed  in  one 
pass,  changing  conditions  mid  pass.  The  two  plates  provided  by  Lawrence  Livermore 
National  Laboratories  were  welded  under  identical  conditions. 

B.  X-RAY  DIFFRACTION 

The  residual  stress  measurements  were  performed  with  the  iXRD  Residual  Stress 
Analyzer  configured  in  bench-top  mode  from  Proto  Manufacturing  (Figure  12).  The 
instrumental  setup  included  two  position  sensitive  scintillation  detectors  (PSSD) 
collecting  diffracted  beams  on  either  side  of  a  collimator.  Both  detectors  have  512 
independent  channels  to  measure  diffracted  intensity  in  counts  and  can  be  shifted  to 
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center  the  diffraction  peak  on  the  display.  Motors  allow  the  head  to  translate  100  mm  in 
the  x,  y,  and  z  directions  as  well  as  rotate  -30°  in  the  vp  direction  and  -75°  in  the  (p 
direction  due  to  the  sensitivity  of  the  fiber  optics  used  to  carry  the  signal.  While  this 
instrument  can  perform  strain  measurements  with  several  techniques,  this  experiment 
utilized  the  triaxial  method  to  calculate  the  strain  tensor. 


(b) 

Figure  12.  Proto  Manufacturing’s  iXRD.  Samples  are  measured  under  the  head  on  the 
left  side  of  the  instrument  (a).  A  close-up  of  the  goniometer  and  the  position 
sensitive  scintillation  detectors  is  given  in  (b).  Chromium  x-rays  traveling 
through  the  collimator  irradiate  the  sample.  Left  and  right  detectors  are 
arranged  to  collect  the  diffracted  beams. 
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To  ensure  accurate  measurement  of  experimental  strains,  instrument  accuracy  was 
tested  with  several  alignment  procedures.  Accurate  rotation  in  the  vp  and  <I>  directions  was 
confirmed  and  a  series  of  stress  measurements  were  taken  first  with  unstressed  powders 
and  later  with  high  stress  standards.  Unstressed  powder  samples  and  high  stress  standards 
used  the  multiple  exposure  technique.  All  residual  stress  measurements  were  performed 
with  Cr  x-rays  (k=2.291  A),  produced  at  an  x-ray  tube  voltage  of  20  kV  and  4.0  inA, 
under  the  conditions  listed  in  Table  2: 


No.  exposures 

5 

Time/Exposure 

3s 

ip  Angles  (deg) 

±36.84,  ±31.86,  ±27.34,  ±20.60, 
±13.23,  ±13.15,  ±11.84,  ±10.46, 

±8.17  ±3.66,  ±3.09 

ip  oscillation 

4° 

CD  Angles 

0°,  45°,  75° 

Aperture  Size 

1  mm  dia. 

Peak  {hkl} 

-211 

20 

156.31° 

Table  2.  Triaxial  stress  measurements  conditions  used  for  measurements  in  Plate  1 
and  Plate  2  (MET  scans  on  unstressed  powder  and  high  stress  standard  were 

taken  with  0=0°  only) 


Steel  powder  was  collected  on  a  slide  to  give  a  zero  stress  reference.  The  powder 
cannot  support  a  stress  and  provides  a  random  assortment  of  grains  of  varying 
orientations  to  eliminate  anisotropy  effects.  The  machine  was  also  tested  on  a  high  stress 
standard.  A  calibration  steel  sample  carefully  stresses  to  a  predetermined  value  of  -502  ± 
35  MPa  from  Proto  Manufacturing  was  used.  Normal  and  shear  stress  values  of  ±10  MPa 
for  the  stress  free  powders  are  acceptable,  as  are  values  within  the  error  on  the  high  stress 
standard.  It  should  be  noted  that  these  shear  stresses  are  the  out-of-plane,  tb,  components. 
All  measured  values  fell  within  the  specified  range.  Only  the  values  from  the  first  test  are 
given  in  Table  3,  but  alignment  was  checked  before  mapping  the  residual  stress 
distribution  across  each  plate  as  well  as  before  taking  stress  with  depth  measurements. 
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High  Stress  MET  Scans 

Scan 

Stress,  o  (MPa) 

Shear,  t  (MPa) 

1 

-507  ±  3.6 

2.8  ±  1.6 

2 

-514  ±3.9 

1.1  ±  1.8 

3 

-508  ±3.5 

0.2  ±  1.6 

4 

-507  ±  2.9 

2.1  ±  1.3 

Stress-Free  Powder  MET  Scans 

Scan 

Stress,  a  (MPa) 

Shear,  t  (MPa) 

1 

-6.12  ±3.3 

-1.0  ±1.5 

2 

-0.90  ±2.3 

-2.1  ±  1.0 

3 

-7.08  ±3.1 

-3.5  ±  1.4 

4 

2.29  ±2.3 

-2.3  ±  1.0 

Table  3.  Sample  MET  scans  performed  for  instrument  alignment 


Triaxial  stress  measurements  were  taken  at  5mm  increments  across  the  weld  from 
the  base  metal  (BM),  across  the  heat  affected  zone  (HAZ),  and  across  the  thermo- 
mechanically  affected  zone  (TMAZ).  To  provide  better  resolution,  1  mm  spatial 
increments  were  used  across  the  stir  zone  (SZ).  These  were  chosen  to  match  the  spacing 
in  Mathon’s  paper  on  the  residual  stress  distribution  in  PM2000,  a  nearly  identical  alloy. 
Residual  stresses  across  FSW  runs  on  two  MA956  plates  were  determined.  Figure  13 
shows  the  positions  of  residual  stress  measurements  taken  across  Plate  1 .  Residual  stress 
profiles  were  taken  approximately  at  the  midpoint  of  each  welding  condition  to  ensure 
correct  welding  speed  and  rotational  rate  were  reached,  indicated  by  the  red/green  lines 
A,  B,  and  C.  Line  A  correspond  to  the  500  rpm/25  mmpm  condition,  line  B  corresponds 
to  the  400  rpm/50  mmpm  condition  and  line  C  corresponds  to  the  400  rpm/100  mmpm 
condition.  Red  lines  indicate  regions  where  triaxial  measurements  were  performed  with 
5mm  spacing  while  green  regions  were  performed  at  1  mm  spacing  to  improve  spatial 
resolution. 
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(b) 

Figure  13.  The  two  plates  used  in  this  analysis.  The  wider  plate  (a),  will  be  referred  to  as 
Plate  1,  while  the  narrow  plate  in  (b)  will  be  referred  to  as  Plate  2.  Scan 
locations  and  direction  are  shown  as  well  as  the  locations  of  the  advancing 
and  retreating  sides  of  the  weld,  which  are  consistent  from  Plate  1  to  Plate  2. 
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Measurements  for  both  plates  used  the  same  5  mm  spacing  in  the  base  metal  and 
1  mm  spacing  in  the  weld  nugget,  however  the  width  of  the  stress  profiles  across  the  thin 
plates  were  smaller  as  less  material  was  available.  Scans  on  the  wide  plate  included  45 
mm  on  either  side  of  the  weld  centerline  while  scans  on  the  thin  plate  included  35  mm  on 
each  side  of  the  centerline. 

After  profiles  were  taken  across  the  welds  of  both  plates,  additional  resolution 
was  required  to  accurately  determine  the  magnitude  of  the  peak  stress  on  the  advancing 
side  so  a  10  mm  profile  with  1  mm  spacing  was  centered  on  the  advancing  edge  of  the 
weld  nugget. 

Residual  stress  measurements  were  also  taken  as  a  function  of  depth. 
Electropolishing  was  utilized  to  remove  material  at  four  depths  up  to  ~1  nun  in  two 
locations:  2  mm  from  the  edge  of  the  weld  nugget  and  along  the  middle  of  the  weld 
nugget.  Both  of  these  measurements  were  made  at  the  400  rpm/  100  mmpm  section  of 
weld  of  the  thin  plate  (Table  4). 


Position 

2  mm  from 
nugget 

Centerline 

Depth  1 
(mm) 

0.27 

0.31 

Depth  2 
(mm) 

0.52 

0.51 

Depth  3 
(mm) 

0.69 

0.7 

Depth  4 
(mm) 

0.94 

1.08 

Table  4.  Depth  measurements  after  electropolishing 


Electropolishing  was  perfonned  with  Proto  Manufacturing’s  “Electrolyte  A”  at  an 
applied  voltage  of  50V  and  a  resultant  current  of  2. 2-3.0  A  for  approximately  160  s  to 
reach  each  depth  (Figure  14). 
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(b) 

Figure  14.  Proto  Manufacturing’s  Electropolisher  (a)  and  the  position  for  stress  at  depth 

measurements  (b) 

The  actual  depth  was  measured  using  the  auto-focusing  pointer  on  the  iXRD, 
which  is  accurate  to  0.01  mm.  Triaxial  measurements  were  taken  at  each  depth  using  the 
same  conditions  as  the  triaxial  measurements  for  the  cross  weld  scans:  Cr  X-rays 
(A,=2.291  A),  produced  at  a  tube  voltage  of  20  kV  and  4.0  mA,  {211}  diffraction  peak 
with  an  unstressed  Bragg  angle  of  156.31°,  1  mm  aperture  collecting  5  scans  per  angle  at 
3  seconds  per  scan. 
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III.  EXPERIMENTAL  RESULTS 


A.  RESIDUAL  STRESS  PROFILES 

Each  of  the  measured  residual  stress  profiles  across  Plate  1  showed  the  “M” 
profile  with  varying  degrees  of  intensity  (Figure  15).  Peak  longitudinal  stresses  occur  just 
beyond  the  weld  nugget  and  tool  shoulder,  and  are  balanced  by  compressive  stresses  in 
the  heat  affected  zones  (HAZ)  and  base  metal  (BM).  Due  to  the  constraints  on  plate 
width,  it  is  questionable  whether  or  not  the  stress  profile  extends  into  the  BM  as  only  45 
mm  is  available  on  either  side  of  the  weld  centerline.  The  profile  is  less  pronounced  at  the 
highest  heat  input  (HI)  condition,  500/25,  but  as  HI  decreases,  the  “M”  shape  becomes 
more  apparent.  Peaks  on  the  advancing  and  retreating  sides  are  nearly  equal  in 
magnitude.  Differences  in  peak  tensile  values  between  advancing  and  retreating  sides  in 
this  profile  range  from  35-100  MPa. 


Distance  from  centerline  (mm) 

Figure  15.  Fongitudinal  stress  from  the  crown  of  Plate  1. 
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A  more  detailed  view  of  the  gradient  in  longitudinal  stress  confirms  that  that 
largest  stresses  are  generated  by  the  lowest  heat  input  (Figure  16).  Even  with  better 
spatial  resolution  on  the  advancing  side,  asymmetry  between  the  peak  stresses  was  not 
observed  in  this  experiment. 


Figure  16.  Longitudinal  residual  stress  maximum  values  in  the  crown  of  Plate  1,  on  the 
advancing  side  (negative  values  for  position  always  indicate  advancing  side 

of  the  weld  nugget). 

Stress  measurements  were  repeated  on  Plate  2  with  similar  results  (Figure  17).  An 
“M”  shaped  profile  was  observed  with  no  substantial  asymmetry  in  the  peak  values. 
These  peak  values  were  also  located  just  beyond  the  tool  shoulder.  The  peak  longitudinal 
stresses  in  Plate  2  increased  with  a  decreasing  FTI  from  ~200  MPa  for  the  500/25 
condition  to  almost  900  MPa  for  the  400/100  condition.  The  local  stress  minimum  in  the 
weld  nugget  also  increased  as  FTI  decreased.  It  is  interesting  to  note  that  the  peaks  on 
Plate  2  are  higher,  and  the  local  minimums  in  the  stir  zone  are  lower  than  in  Plate  1 .  Due 
to  the  scarcity  of  MA956,  the  second  plate  was  narrower  and  therefore  less  likely  to 
contain  material  unaffected  by  heat  from  the  weld. 
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1000 


-40  -30  -20  -10  0  10  20  30  40 

Distance  from  centerline  (mm) 

Figure  17.  Longitudinal  stress  profile  from  the  crown  of  Plate  2. 


While  longitudinal  stresses  are  the  most  significant  in  the  discussion  of  fatigue 
life  in  welded  parts  as  they  are  the  largest,  transverse  and  other  stress  components  are 
also  important.  The  full  stress  tensor  was  calculated  for  each  point  along  each  stress 
profile,  so  the  transverse  and  shear  stresses,  as  well  as  any  out  of  plane  components,  are 
available  (Figure  18).  Like  the  longitudinal  stresses,  transverse  stresses  also  increased 
with  lower  HI.  In  the  tensile  region,  values  ranged  from  -10  MPa  (nearly  zero)  for  the 
500/25  condition  to  233  MPa  for  the  400/100  condition.  As  expected,  transverse  stresses 
were  lower  than  longitudinal  stresses  at  the  same  point  on  each  plate,  but  followed  the 
same  trends  as  longitudinal  stresses.  Interestingly,  the  transverse  stresses  evolve  in  more 
of  a  “W”  pattern  than  the  “M”  patter  observed  for  the  longitudinal  stresses.  It  is  also 
important  to  ensure  that  the  out  of  plane  components  (a  13  and  G23)  are  zero  or  nearly  zero 
at  the  surface  (Figure  19,  20).  The  third  principal  stress  by  definition  must  be  zero  at  the 
surface,  but  these  values  may  increase  with  depth  and  will  become  more  important  in  the 
discussion  of  stress  with  depth. 


31 


-50  -40  -30  -20  -10  0  10  20  30  40  50 

Distance  from  centerline  (mm) 

Figure  18.  Transverse  stress  from  the  crown  of  Plate  1 
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Figure  19.  Out  of  plane  stress  for  the  500/25  condition  in  Plate  1 
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191.7  17.8  ±  -  5.9  1.1 

V  -  -  0.0/  V-  -  2.6/ 

(d) 

Figure  20.  Residual  stress  tensors  for  500/25  BM  (a),  500/25  SZ  (B),  400/50  SZ  (c)  and 
400/100  SZ  (d).  All  stresses  reported  in  MPa.  Tensors  are  symmetric. 


B.  RESIDUAL  STRESSES  AS  A  FUNCTION  OF  DEPTH  FROM  THE 

SURFACE 

The  residual  stresses  measured  as  a  function  of  depth  from  the  surface  showed 
different  trends  for  the  different  positions  across  the  weld  (Figure  21).  In  the  weld 
centerline  (stir  zone),  the  longitudinal  stresses  do  not  change  significantly  down  to  a 
depth  of  1  mm  below  the  surface.  In  contrast,  the  longitudinal  stresses  in  the  TMAZ 
decreased  significantly  with  depth.  From  900  MPa  at  the  surface,  the  longitudinal  stress 
peak  decreased  to  less  than  600  MPa.  Example  stress  tensors  from  depths  at  each 
condition  are  given  (Figure  22). 
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Stress  (MPa,  Tensile) 

0  500  1000 


Figure  21 .  Longitudinal  stress  with  depth  measurements  for  the  400/100  condition 
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Figure  22.  (a)Stress  tensor  values  for  the  SZ  of  the  400/100  condition,  (b)  Stress  tensor 
values  for  the  TMAZ  of  the  400/100  condition.  All  stresses  given  in  MPa. 

Tensors  are  symmetric. 


In  addition  to  the  stress  with  depth  measurements,  measurements  taken  across  the 
root  of  the  weld  revealed  a  different  profile  than  those  taken  across  the  crown  of  the  plate 
(Figure  23).  Profiles  displayed  the  characteristic  “M”  shape,  and  decreasing  heat  input 
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generally  resulted  in  larger  residual  stresses.  However,  more  asymmetry  was  observed 
between  stress  peaks  on  the  advancing  and  retreating  sides.  The  500/25  and  400/100 
conditions  have  longitudinal  stresses  of  62 1  MPa  and  402  MPa,  respectively  while  stress 
peaks  on  the  retreating  side  are  nearly  140  MPa  lower.  Less  asymmetry  was  observed  for 
the  400/50  condition,  where  peaks  on  the  advancing  and  retreating  sides  were  separated 
by  70  MPa. 


Distance  from  Centerline  (mm) 

Figure  23.  Residual  stress  profiles  from  the  root  of  the  weld  on  Plate  1 


35 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


36 


IV.  DISCUSSION 


There  are  several  important  points  to  address  when  discussing  residual  stress  plots 
across  friction  stir  welds  in  any  material:  the  shape  and  characteristics  of  the  stress 
profile;  the  percentage  of  yield  for  peak  stress  values;  the  effects  of  all  components  in  the 
stress  tensor;  and  the  implications  all  these  have  on  material  performance. 

A.  RESIDUAL  STRESS  PROFILES 

As  hypothesized  in  the  introduction,  the  magnitude  of  measured  residual  stresses 
on  MA956  increase  as  the  heat  index  of  the  weld  is  lowered.  Not  only  do  the  maximum 
values  immediately  adjacent  to  the  tool  shoulder  increase,  but  the  stresses  across  the  stir 
zone  increase  as  well.  This  observation  was  the  same  on  both  the  crown  and  root  sides  of 
the  welded  plate.  This  trend  shows  that  friction  stir  welded  ODS  steels  follow  the  same 
pattern  as  observed  in  other  steels  that  decreasing  heat  index,  or  increasing  weld  pitch, 
will  increase  the  magnitude  of  residual  stress  across  the  weld  profile. 

While  the  measurements  in  this  thesis  agree  qualitatively  with  the  similar  work  of 
Mathon  on  PM2000,  there  are  subtle  differences  in  peak  asymmetry,  profile  width,  and 
stress  across  the  stir  zone.  The  first  difference  between  stress  profiles  for  MA956  and 
those  measured  for  PM2000  was  the  lack  of  asymmetry  in  the  maximum  longitudinal 
stress  values  on  the  crown  side  of  the  weld.  Peak  asymmetry  was  observed  for  the 
400/100  and  500/25  conditions  on  the  root  of  the  weld,  but  no  distinction  is  made 
between  crown  and  root  for  Mathon’s  work  which  used  neutron  diffraction.  Mathon 
describes  a  difference  of  130  MPa  between  the  advancing  and  retreating  sides  of  the 
weld,  with  the  advancing  side  being  higher.  This  asymmetry  was  not  observed  in 
measurements  of  the  crown  of  Plate  1  and  Plate  2.  Values  on  the  advancing  and  retreating 
side  of  the  500/25  condition  and  400/100  condition  varied  only  16  MPa  and  27  MPa, 
respectively.  Differences  of  that  magnitude  are  not  sufficient  to  conclude  that  asymmetry 
exists.  However,  for  the  400/50  condition,  the  difference  between  advancing  and 
retreating  longitudinal  stress  maxima  was  85  MPa,  with  the  larger  peak  on  the  advancing 
side.  This  may  be  due  to  the  difference  in  relative  velocity  between  the  tool  and  the  plate 
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for  the  advancing  and  retreating  sides  as  suggested  by  Mathon  [20].  A  possible 
explanation  is  that  the  residual  stress  in  ODS  steels  does  not  scale  entirely  linearly  with  a 
decreased  heat  index.  Above  and  below  certain  values  for  weld  pitch  the  differences 
between  advancing  and  retreating  sides  may  not  be  significant  enough  to  cause  a  change 
in  the  residual  stress  values.  At  intermediate  values  for  weld  pitch,  the  combination  of 
microstructural  evolution  and  heat  input  due  to  friction  may  lead  to  significantly  different 
values  for  residual  stress.  It  is  also  important  to  note  the  differences  in  the  experimental 
conditions  between  results  presented  here  and  work  by  Mathon.  The  PM2000  plate  was 
only  1.3  mm  thick  and  the  tool  was  half  the  size  of  the  tool  used  in  this  work,  making 
direct  comparison  between  experiments  difficult.  The  clamping  force  was  14  kN  versus 
the  17.8  kN  used  on  the  MA  956  plate,  and  Mathon’s  weld  was  performed  at  600  rpm 
and  50  mmpm  [20]. 

For  every  condition  measured  here,  the  longitudinal  residual  stresses  were  a 
significant  percentage  of  the  yield  strength  in  the  FSW  affected  material.  For  the  lowest 
heat  index  on  Plate  1,  the  400/100  condition,  longitudinal  residual  stresses  were 
approximately  0.9cy  (Figure  24).  Even  the  peak  longitudinal  stress  at  the  highest  HI 
condition,  which  was  expected  to  have  the  lowest  residual  stresses,  approached  0.6cy. 
This  trend  of  increasing  maximum  stresses  is  also  found  in  Plate  2,  where  peak  stresses 
were  only  4  MPa  below  the  909  MPa  yield  strength  of  the  base  metal  as  measured  by 
Baker  [5],  The  residual  stress  profile  was  normalized  by  the  yield  strength.  The  yield 
strengths  used  were  measured  by  Baker  for  the  same  FSW  conditions.  The  yield  strength 
of  the  weld  material  varied  across  the  weld  and  was  accounted  for  using  microhardness 
traces  across  the  weld  [5],  Based  on  these  hardness  measurements,  material  beyond 
1 0  nun  from  the  weld  centerline  had  the  same  hardness/yield  strength  as  the  base 
metal,  909  MPa.  Material  inside  10  mm  of  the  weld  centerline  had  a  yield  strength  of 
539  MPa.  A  transition  region  occurs  in  the  TMAZ,  but  not  enough  tensile  data  is 
available  to  differentiate  between  the  TMAZ  and  the  BM.  Asymmetry  appears  for  the 
400/100  condition  in  Figure  24,  however  it  occurs  based  on  the  distinction  between  the 
base  metal  yield  strength  and  stir  zone  yield  strength  and  not  asymmetry  in  stress  values. 
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The  data  gathered  here  fits  nicely  with  work  done  by  Mathon.  In  FSW  of 
PM2000,  maximum  longitudinal  residual  stresses  reached  0.5ay,  when  compared  to  a 
yield  strength  of  900  MPa  in  the  base  metal.  While  Mathon  compares  the  residual  stress 
maxima  on  the  advancing  side  to  the  base  metal,  more  detailed  data  is  available  on  the 
local  yield  strength  from  work  by  Baker  [5].  He  shows  that  the  actual  yield  strength 
across  the  base  metal  decreases  to  530  MPa  for  the  500/25  condition.  This  suggests  that 
residual  stresses  measured  here  are  actually  a  much  larger  fraction  of  yield  than  initially 
thought.  These  values  are  consistent  with  other  work  on  more  traditional  steels  that  show 
residual  stresses  in  steels  are  around  80%  of  yield  strength,  and  are  a  much  higher 
fraction  of  yield  strength  than  those  measured  in  aluminum  which  generally  are  4050%  of 
yield  strength  [18,  19]. 


500/25 

400/100 


Figure  24.  Normalized  Longitudinal  stresses  from  the  crown  of  Plate  1.  Data  within  10 
mm  of  the  weld  centerline  was  normalized  to  a  yield  strength  of  530  MPa  or 
539  MPa  (500/25  and  400/100,  respectively),  while  data  beyond  these  points 
were  normalized  to  the  BM  yield  of  909  MPa. 


Lowering  heat  input  the  weld  not  only  changed  the  maximum  longitudinal 
residual  stress  values,  it  also  affected  the  width  of  the  tensile  region.  Based  on  modeling 
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work  done  by  Bastier  on  aluminum  alloys,  increasing  the  traverse  speed  for  the  same 
rotational  speed  should  produce  a  narrower  tensile  region,  with  peak  longitudinal  stresses 
closer  together  (Figure  24)  [17].  Larger  heat  inputs  can  result  by  changing  either  of  the 
two  main  welding  parameters,  rotational  speed  of  the  tool  and  traverse  speed.  More  heat 
is  generated  due  to  friction  and  plastic  defonnation  at  the  tool  interface  due  to  an 
increased  rotational  speed.  Decreasing  traverse  speeds  also  increases  heat  generation  in 
the  weld  as  the  tool  has  more  time  to  develop  heat  at  the  tool  plate  interface.  A  colder 
weld  with  a  lower  rotational  speed  or  a  higher  traverse  speed  should  have  a  sharpened 
profile  with  a  smaller  heat  affected  zone.  The  trend  was  observed  in  both  Plate  1  and 
Plate  2,  where  the  tensile  region  was  narrower  in  the  400/50  condition  than  it  was 
in  the  400/100  condition.  However,  the  trend  was  not  observed  between  the  500/25  and 
400/50  conditions.  The  400/50  tensile  region  was  significantly  wider  than  that  for  the 
500/25  condition,  but  a  comparison  between  these  conditions  cannot  be  made  as  both  the 
welding  speed  and  rotational  speeds  were  changed.  The  results  that  are  comparable  show 
that  for  fixed  tool  rotational  speed,  decreasing  traverse  speed  will  widen  the  residual 
stress  profile. 

Also  of  interest  is  the  magnitude  of  stresses  across  the  ‘trough’  of  the  residual 
stress  profile,  the  area  that  corresponds  to  the  weld  nugget,  or  stir  zone.  This  region  is 
approximately  10  mm  on  either  side  of  the  weld  centerline.  As  with  peak  stresses  just 
outside  the  weld  nugget,  stresses  in  the  trough  also  increase  with  a  decrease  in  heat  input. 
This  is  likely  due  to  higher  thermal  gradients  for  materials  with  a  lower  heat  input,  as 
well  as  reduced  softening  across  the  stir  zone.  As  the  material  is  softened,  the  yield 
strength  of  the  material  decreases  and  it  is  not  able  to  support  the  peak  stresses  seen  in  the 
TMAZ.  Upon  cooling,  coarser  grains  do  not  possess  the  necessary  strength  to  support 
large  residual  stresses.  However,  the  TMAZ  may  support  higher  residual  stresses  as  it  is 
the  region  that  encounters  the  highest  thennal  gradients  and  still  retains  the  smaller  grain 
size  of  the  base  metal.  Baker  shows  that  even  up  to  the  weld  shoulder,  hardness  values 
and  grain  size  are  equivalent  with  those  in  the  base  material  [5]. 

Longitudinal  stresses  long  the  weld  centerline  remained  constant  with  depth  while 
the  longitudinal  stresses  decreased  with  depth  in  the  TMAZ.  Along  the  centerline,  out  of 
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plane  components  were  small  in  comparison  to  longitudinal  and  transverse  components 
and  did  not  change  significantly  with  depth.  This  indicates  that  there  is  no  stress  gradient 
at  the  surface  of  the  stir  zone.  However,  a  significant  gradient  was  observed  in  the 
TMAZ.  It  was  initially  postulated  that  the  stress  decreased  with  depth  due  to  the 
availability  of  material  constraints,  which  would  give  a  more  three-dimensional  stress 
tensor  with  larger  stresses  normal  to  the  plate.  Analysis  of  the  stress  tensors  from  various 
depths  supports  this,  as  an,  an  and  022  increase  with  depth.  However,  it  is  possible  that 
the  change  in  stress  with  depth  is  a  result  of  the  conical  profile  of  the  stir  zone  and  not 
simple  additional  material  constraint.  As  material  is  removed,  the  position  of  the  stress 
measurement  with  respect  to  the  tool  shoulder  changes  (Figure  3).  Stress  measurements 
taken  at  depth  may  actually  be  in  the  HAZ  and  not  the  TMAZ.  Three  dimensional 
mapping  of  the  residual  stresses  in  FSW  of  A1  2024-T3  has  shown  that  stress  gradients 
are  fairly  steep,  especially  on  the  advancing  side  of  the  weld  [24],  However,  across  the 
root  of  the  weld,  stress  profiles  in  2024-T3  showed  lower  residual  stress  peaks  than  those 
across  the  crown  whereas  in  Plate  1,  stresses  were  roughly  comparable  or  even  higher 
(Figure  23).  More  research  needs  to  be  conducted  to  determine  the  stress  profiles  of  plate 
cross  sections. 

B.  IMPLICATIONS 

Tensile  longitudinal  stresses  left  untreated  can  be  very  detrimental  to  the  fatigue  life 
of  affected  parts.  The  extent  to  which  residual  stresses  will  reduce  the  fatigue  strength  for  a 
given  fatigue  life  can  be  estimated  through  the  use  of  the  Goodman  relationship,  which 
shows  the  drastic  reduction  of  the  factor  of  safety  in  fatigue  loaded  parts  (Figure  25). 
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Figure  25.  A  Modified-Goodman  plot  for  the  stir  zone  of  the  400/100  condition.  The 
measured  residual  stresses  are  near  the  yield  strength  of  the  SZ.  In  this 
example,  for  a  safety  factor  of  1  (failure),  an  alternating  load  of  only  89  MPa 

need  be  applied. 

On  this  plot,  the  mean  stress  is  the  addition  of  and  residual  stresses  and  constant  applied 
loads.  The  full  stress  tensor  is  available  for  the  residual  stresses,  so  the  Von  Mises  stress 
may  be  calculated  from  the  following  relationship  [25]: 

Ov  =  -  °11°22  +  °Tl  +  3t12  (9) 

A  part  undergoing  FSW  at  the  400/100  condition  would  have  a  mean  Von  Mises  stress  of 
519  MPa  in  the  stir  zone. 

Creating  a  Modified  Goodman  plot  for  this  condition  requires  the  knowledge  of 
specific  material  properties.  For  material  in  the  stir  zone  of  this  condition  cy  =  539  MPa, 
and  outs  =  696  MPa.  The  fatigue  strength  for  MA956  is  not  known,  so  the  endurance 
limit  ce  was  estimated  to  be  half  outs,  which  is  a  less  conservative  assumption.  Generally 
aeis  calculated  from  the  formula  [25]: 

oe  =  kakbkckdkekf(0.SaUTS )  (10) 
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where  ka  —  kf are  surface  factors,  geometry  factors,  loading  factors  etc.  As  an 
engineering  first  assumption,  these  factors  were  assumed  to  be  unity.  Taking  each  of 
these  into  consideration  would  ultimately  lower  the  value  for  ae.  The  factor  of  safety,  or 
the  maximum  alternating  load,  may  be  calculated  from  the  Modified  Goodman  equation 
[25]: 


''LL  "  III 

ae  aUTS 


1 

n 


(11) 


In  this  case,  the  maximum  alternating  load  was  calculated  to  be  88.5  MPa  for  n  =  1.  In 
practice,  a  safety  factor  should  be  much  greater  than  this,  especially  in  the  likely 
applications  for  MA956. 


In  other  analyses,  the  longitudinal  stresses  alone  will  play  the  most  significant 
role,  as  opposed  the  Von  Mises  equivalent  stress.  In  piping  application,  FSW  processes 
will  be  performed  circumferentially  to  join  segments.  In  this  case,  the  limiting  stress  will 
most  likely  be  longitudinal  residual  stress,  which  as  defined  here  is  in  the  same  direction 
as  the  hoop  stress,  oe. 


The  goal  of  these  experiments  was  to  detennine  how  the  residual  stress  changes 
as  a  function  of  heat  input.  This  data  shows  that  as  heat  input  to  the  weld  decreases,  the 
magnitude  of  tensile  residual  stresses  increases.  While  the  research  is  by  no  means 
exhaustive,  it  can  give  insight  into  the  optimization  of  FSW  parameters.  While  higher 
heat  inputs  were  shown  to  produce  the  lowest  residual  stresses,  there  are  other  trade-offs 
that  come  with  this  benefit.  Higher  heat  input  also  coarsens  grains  significantly  more  than 
colder  welds,  and  there  is  a  resultant  drop  in  yield  strength  [5],  Welding  Engineers  will 
have  to  balance  concern  for  residual  stress  levels  with  a  possibly  unsafe  drop  in  yield 
strength  across  the  weld  nugget.  High  residual  stresses  or  large  losses  in  yield  strength 
can  be  avoided,  but  not  simultaneously.  Optimization  for  FSW  of  ODS  steels  like 
MA956  will  likely  result  in  a  mid-range  heat  input  solution  in  an  attempt  to  retain  the 
attractive  properties  of  the  MA956  base  metal.  Other  options  include  post  weld  heat 
treatments  or  peening  processes  to  reduce  residual  stresses. 
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V.  CONCLUSIONS 


This  thesis  characterized  the  residual  stresses  generated  by  friction  stir  welding  plates  of 
MA956  as  a  function  of  changing  heat  input. 

•  Install  and  test  a  new  x-ray  residual  stress  instrument  at  NPS.  The  x- 

ray  diffractometer  from  Proto  Manufacturing  was  setup  and  tested  using 
stress  free  steel  powder  and  high  stress  steel  standards.  The  system 
consistently  gave  accurate  readings  for  residual  stresses  on  these  standard 
materials. 

•  Measure  residual  stress  distributions  around  friction  stir  welds  in 
ODS  steel  MA956.  All  residual  stress  distributions  displayed  the 
characteristic  “M”  profile  across  the  weld.  Peak  tensile  residual  stresses 
occurred  just  beyond  the  tool  shoulder,  with  reduced  tensile  stresses  in  the 
stir  zone.  Asymmetry  between  peak  longitudinal  stresses  on  the  advancing 
versus  retreating  sides  in  the  crown  of  the  weld  only  occurred  in  the 
400/50  condition,  with  larger  stresses  unexpectedly  on  the  retreating  side. 
Asymmetry  in  tensile  peak  values  occurred  for  the  500/25  and  400/100  in 
the  root  of  the  weld.  In  each  case,  longitudinal  residual  stresses  were 
larger  than  transverse  stresses,  which  were  larger  than  all  out  of  plane 
components. 

•  Determine  the  relationship  between  heat  input  (HI)  to  welds  and  the 
magnitude  of  resulting  residual  stresses.  As  predicted  from  previous 
research  on  FSW,  lowering  the  HI  by  decreasing  the  rotational  speed  or 
increasing  the  traverse  speed  increased  the  magnitudes  of  residual  stresses 
across  the  weld  profile.  Residual  stresses  exceeding  90%  of  yield  strength 
were  observed  for  the  lowest  heat  input  conditions,  which  may 
significantly  shorten  fatigue  life.  Optimization  of  FSW  parameters  will 
likely  require  a  balance  in  heat  input  in  order  to  simultaneously  minimize 
loss  in  yield  strength  and  increase  in  residual  stresses. 
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